Hydroxyapatite (HA) particles synthesized by hydrothermal treatment of octacalcium phosphate (OCP) particles were characterized in detail and the reaction mechanism was discussed. The calcium-deficient HA particles were firstly formed and their compositions gradually closed to the stoichiometric composition with reaction progress. While their compositions closed to the stoichiometric composition, split of plate-shaped HA particles into smaller strips and subsequent crystal growth of HA particles were observed. The [001] direction of synthesized HA was parallel to the [001] direction of starting material of OCP. The hydrothermal treatment of OCP particles is useful for synthesis of plate-shaped HA particles with different morphologies and compositions.
Introduction
Hydroxyapatite [HA, Ca 10 (PO 4 ) 6 (OH) 2 ] is a main inorganic constituent of human bones and teeth. 1) HA ceramics are widely used as bone substitutes and adsorbents because they can bond to living bone 2)4) and adsorb organic substances. 5)7) The properties of HA particles are affected by the morphology, composition, and so on. Therefore, it is important to control these factors to tailor the HA ceramics. The hydrothermal treatment is one of the suitable methods for controlling the morphology of HA particles. Fibrous HA, 8) whisker-shaped HA, 8)10) needle-shaped HA, 11)13) rod-shaped HA 14) and plate-shaped HA 15) were synthesized under the hydrothermal condition. Fibrous and whisker-shaped HA particles are expected to be applied to reinforcing materials and heat-insulating agents which are harmless for body, nonwoven bone substitutes and so on. Needle-shaped and rod-shaped HA particles show specific adsorption property owing to exposure of their specific crystal face. 16) The composition of HA particles is also able to be controlled by the hydrothermal treatment. The calcium-deficient HA ceramic composed of rodshaped particles was synthesized by hydrothermal treatment. 14) This HA ceramic showed better replaceability with bone tissue in rabbit femurs than the pure stoichiometric HA 17) . The calciumdeficiency of this HA ceramic was thought to be important because the Ca/P molar ratio of HA in the bone was reported to be lower than the stoichiometric Ca/P ratio, 1.67. 4), 18) In the previous study, we synthesized plate-shaped HA particles by hydrothermal treatment of octacalcium phosphate [OCP, Ca 8 (HPO 4 ) 2 (PO 4 ) 4 ·5H 2 O]. 19) OCP is regarded as a precursor of HA in bones and teeth, 20) and tends to have plateshaped morphology. The plate-shaped morphology of the synthesized HA particles was derived from the starting material of OCP particles. The hydrothermal treatment of OCP would be suitable to obtain plate-shaped HA particles. The plate-shaped morphology of the HA particles is useful for coating and so on. In order to control morphology and composition more precisely, the detailed characterizations of the synthesized HA particles are necessary. In this study, HA particles synthesized by hydrothermal treatment of OCP particles were characterized in detail and the reaction mechanism was discussed.
Experimental procedure
OCP powder was synthesized according to the method previously reported. 21) Twenty mmol of phosphoric acid (H 3 PO 4 , 85%, Wako Pure Chemical Industries, Ltd., Japan) was added to 200 cm 3 of distilled water under stirring. The resultant homogeneous solution was kept at 60°C, and then 0.0266 mol of calcium carbonate (CaCO 3 , Wako Pure Chemical Industries, Ltd., Japan) was added to the solution under stirring. The resulting suspension was stirred at 60°C for 6 h. The product was obtained using suction filtration, washed with distilled water and dried at 37°C overnight. The obtained OCP powder 0.15 g was placed in a polytetrafluoroethylene-lined sealed vessel with 15 cm 3 of distilled water. The sealed vessel was kept in an oven at 37240°C for 372 h for the hydrothermal treatment. At the temperature more than 100°C, the treatment became hydrothermal treatment. After the treatment, the products were collected, washed with distilled water, and dried at 37°C overnight.
The products were examined by X-ray diffractometer (XRD, RINT2200VL, Rigaku, Japan) with Cu K¡ radiation, operating at 40 kV and 40 mA. To assess the instrumental line broadening, the XRD pattern of silicon powder (Standard Reference Material µ 640c, National Institute Standards and Technology, U.S.) as a reference material was also recorded. The broadening of the XRD lines was measured three times by repacking the sample. Scherrer proposed a model for line broadening resulting from crystallite size, 22) 
where L is the crystallite size, K is the Scherrer constant (1.05), is the wavelength of X-ray (0.1541 nm), ¢ is the integral breadth and ª is the Bragg angle. However, the broadening of the XRD lines attributed to contributions of not only crystallite size but also lattice strain, stacking faults and the instrument itself. 22) Thus we also used WilliamsonHall equation 23) (Eq. (2)) which can separate the effect of crystallite size in line broadening from that of lattice strain,
where ¾ is the crystallite size. Although Williamson and Hall defined © as the lattice strain, it is possible that the compositional fluctuation factor is also included in the factor ©. 24) Therefore, in this study, we speculated © as the lattice strain and/or compositional fluctuation gave the broadness of the XRD line. The Ca/P molar ratio of the products was obtained by the method previously reported. 25) The products were calcined at 900°C for 3 h. Then the calcined samples were examined by XRD. From the calibration curve reported previously, 25) the ratio of HA and ¢-tricalcium phosphate [¢-TCP, ¢-Ca 3 (PO 4 ) 2 ] phases was determined, and Ca/P molar ratio was obtained. The morphology of the products was observed by scanning electron microscope (SEM, S-4100, Hitachi, Japan) and transmission electron microscope (TEM, HF-2000, Hitachi, Japan). The average crystallite sizes of the products were evaluated by measuring 30 crystallites in TEM photographs. In addition, the crystal orientation of the products was evaluated by electron diffraction analysis. Figure 1 shows the XRD patterns of the starting material of OCP and the products after the treatment at different temperatures for 3 h. From these patterns, it was revealed that the starting material was pure OCP and the products after the treatment at 37 and 90°C were also pure OCP and changes in XRD patterns were not observed. In contrast, the products after the hydrothermal treatment at 120, 180 and 240°C were pure HA. These results indicate that the hydrothermal treatment of OCP was effective to obtain the monophase of HA in a short time. Figure 2 shows the XRD patterns of the products after the treatment at different temperatures for 24 h. All peaks were assigned to HA. Even the product treated at 90°C was changed to HA by the increase in the treatment time. The XRD lines became sharper with increasing the treatment temperature. 002 and 004 diffraction lines were focused, and the effect of treatment temperature on XRD line broadening was investigated. The crystallite size of HA particles synthesized by the treatment at 90°C for 24 h was 111 « 11 nm calculated by Scherrer equation (Eq. (1)) using 002 diffraction line. However, the crystallite size determined from TEM observation of the synthesized HA particles in the long axis direction was around 3¯m regardless of treatment temperature and time ( Table 1 ). These results imply that the other factors except for crystallite size must be introduced to explain the line broadening. Then the lattice strain and/or compositional fluctuation were estimated by Williamson Hall equation (Eq. (2)). Figure 3 shows WilliamsonHall plots from 002 and 004 diffraction lines of the HA particles synthesized by the treatment at different temperatures for 24 h. The intercepts of the plots were around zero. This implies that the crystallite size (¾ in Eq. (2)) is very large and its effect on the line broadening is very small. This is consistent with the TEM observation. The slopes of the plots were decreased with increasing the treatment temperature. This indicated that the lattice strain and/or compositional fluctuation of the HA particles were decreased with increasing the treatment temperature. Figure 4 shows the XRD patterns of the HA particles synthesized by the hydrothermal treatment at 240°C for different treatment times. Figure 5 shows WilliamsonHall plots of the HA particles synthesized by the hydrothermal treatment at 240°C Evaluated by XRD analysis. 25) Journal of the Ceramic Society of Japan 118 [8] for different treatment times. The intercepts of these plots were also around zero. The slopes of the plots, that is the lattice strain and/or compositional fluctuation of the HA particles, were decreased with increasing the treatment time.
Results
The Ca/P molar ratios of the HA particles are shown in Table 1 . The Ca/P molar ratio was increased with increase in treatment temperature and time. That is to say, the Ca/P molar ratio was increased with decrease in lattice strain and/or compositional fluctuation. Figure 6 shows the SEM photographs of the starting material of OCP particles and the HA particles synthesized by the hydrothermal treatment at 120 and 240°C for 3 and 24 h. After the hydrothermal treatment at 120°C for 3 h, the particles mostly remained plate-shaped morphology derived from OCP and they were partly split. These particles were split into smaller strips with the reaction progress, by increasing treatment temperature for 240°C or treatment time for 24 h. In the subsequent stage of the reaction, both of the treatment temperature and time were increased to 240°C and 24 h, the split particles grew to stripshaped particles with similar size. Figure 7(a) shows the TEM bright-field image of OCP particles before the treatment. OCP particles had plate-shaped morphology with smooth edges. Figure 7(b) shows the electron diffraction pattern of the circled region in Fig. 7(a) . Similar electron diffraction patterns were also obtained from other crystallites of OCP. The spots were assigned to 1 10 and 001, respectively, from the following consideration. The spots assigned to 1 10 and 001 indicates that the plane spacing are 0.94 and 0.68 nm, respectively, and these are consistent with the reported d 1 10 (0.938 nm) and d 001 (0.683 nm). 26) Moreover the line through the 001 and center spots and the line through the 1 10 and center spots crossed with the angle of 90.3°, and this is also consistent with the fact that the calculated angle between (1 10) and (001) of OCP is 90.32°. By these images, it was revealed that the long axis direction of starting material of OCP was [001]. Figure 8(a) shows the TEM bright-field image of the HA particles synthesized by the hydrothermal treatment at 240°C for 24 h. Although the HA particles remained plate-shaped morphology of OCP particles, they get some slits on the short edges and split along the long axis direction. Figure 8(b) shows the electron diffraction pattern of the circled region in Fig. 8(a) . The spots were assigned to 001 and 110, respectively, from the following consideration. The spots assigned to 001 and 110 indicates that the plane spacing are 0.68 and 0.47 nm, respectively, and these are consistent with the reported d 001 (0.688 nm) and d 110 (0.472 nm). 27) Moreover the line through the 001 and center spots and the line through the 110 and center spots crossed with the angle of 90°, and this is also consistent with the fact that (001) and (110) of HA are perpendicular to each other. By these images, it was revealed that the long axis direction of synthesized HA was also [001]. Other HA particles synthesized by the treatments under different conditions showed similar results. The [001] direction of synthesized HA was parallel to the [001] direction of starting material of OCP. 
Discussion
Although the composition of the synthesized HA is shown as the stoichiometric composition in theory, it was actually calciumdeficient. The Ca/P molar ratio of synthesized HA particles increased toward the stoichiometric value of 1.67 when the treatment temperature and time were increased. This result implies that calcium-deficient HA particles are firstly formed, their compositions gradually close to the stoichiometric composition, and eventually stoichiometric HA particles are formed in the hydrothermal treatment of OCP. At the first stage of the reaction, OCP transformed into calcium-deficient HA. The long axis directions of OCP and HA were parallel to each other. Considering the crystal structures of OCP and HA, the exposed crystal faces of both of OCP and HA are speculated to be a-face. There would be an epitaxial relationship between OCP crystal and HA crystal. Several studies have also reported that HA grows epitaxially on the surface of OCP. 20),29)33) The apatite layer 34) in OCP structure is similar to HA structure. This similarity would provide favorable condition for epitaxial growth of HA on OCP surface. Despite the similarity of structure, the lattice parameters are different between OCP 26) and HA. 27) The difference of the lattice parameters would cause misfit at the epitaxial interface between OCP and HA. This misfit would cause the lattice strain. It was speculated that the plate-shaped particles were partly split in order to release the lattice strain in the transformation of OCP into calcium-deficient HA.
It is presumed that the just-formed calcium-deficient HA has the structure originating from apatite layer in OCP structure by epitaxial growth. The atoms of the HA particles would be rearranged toward the exact HA structure when the Ca/P molar ratio of the HA particles closed to the stoichiometric value. The rearrangement of atoms would also cause the lattice strain and thus the HA particles were split into strips. As the Ca/P molar ratio was increased, compositional fluctuation of the HA particles would be decreased. Meanwhile at the first stage of the reaction, there were only OCP particles, the solution was supersaturated to HA because of slight dissolution of OCP. When the calciumdeficient HA was formed, the degree of supersaturation to HA of the solution would be significantly decreased. Generally, the small particles dissolve and the large particles continue to grow when the degree of supersaturation of the solution is decreased (Ostwald ripening). 35) It is presumed that the small HA particles disappeared and the large HA particles only remained and continued to grow because the degree of supersaturation to HA was decreased. In the early stage of the reaction when the composition of the calcium-deficient HA gradually closed to the stoichiometric composition, the split of HA particles was predominant process because of the rearrangement of the atoms. Toward the end of the rearrangement, the Ostwald growth of HA particles would become the dominant process in the reaction.
This series of reactions was attributed to similarity of structure between OCP and HA. The plate-shaped morphology of the synthesized HA particles was similar to the starting material of OCP particles. In contrast, HA particles synthesized by hydrothermal treatment of ¡-TCP 14) and ¢-TCP 9) shows entirely different from the starting materials. Therefore hydrothermal treatment of OCP particles is useful for synthesis of plate-shaped HA particles with remaining morphology of OCP particles.
Additionally, the hydrothermal treatment of OCP is expected to make a contribution to clarifying reaction in the body. The transformation of OCP into HA at body temperature has been studied in vivo 36),37) and in vitro. 37)39) However, the transformation at body temperature proceeded slowly. The investigation of transformation of OCP into HA at high temperature will contribute to clarifying reaction in the body efficiently because of high reaction rate.
Conclusions
HA particles synthesized by hydrothermal treatment of OCP particles were characterized in detail and the reaction mechanism was discussed. The calcium-deficient HA particles were firstly formed. There would be an epitaxial relationship between HA crystal and OCP crystal. Plate-shaped particles split into smaller strips by the lattice strain. HA particles would grow by Ostwald Journal of the Ceramic Society of Japan 118 [8] 762-766 2010 ripening and its composition closed to stoichiometric value with increasing treatment temperature and time. The hydrothermal treatment of OCP particles is useful for synthesis of plate-shaped HA particles with different morphologies and compositions.
